Behavioral economic methods allow experimental manipulation of price and examination of its effects on tobacco product purchasing. These methods may be used to examine tobacco product abuse liability and to prospectively model possible effects of price regulation. In the present study, we examined multiple measures of behavioral economic demand for cigarettes and e-liquid for use in a secondgeneration electronic cigarette (e-cigarette) in e-cigarette-naïve cigarette smokers. Twenty-five smokers received an e-cigarette (eGo ONE CT), sampled study e-liquid (24 mg/mL nicotine), and completed recurring sessions in which they used an experimental income to purchase real-world supplies of cigarettes and/or e-liquid. Participants also completed self-report measures of drug effects/liking. When products were available alone, we observed lower demand for e-liquid than for cigarettes. This effect was magnified when cigarettes and e-liquid were available concurrently. In additional assessments, e-liquid served as a partial substitute for cigarettes, but cigarettes did not serve as a substitute for e-liquid. Finally, participants rated e-liquid more poorly than cigarettes on several dimensions of drug effects/liking (any effects, liking, desire, and probability of continued use). We conclude that e-cigarette-naïve smokers value cigarettes more highly than e-liquid across multiple contexts and measurements. Nonetheless, participants still valued e-liquid positively and purchased it frequently, both as a substitute for cigarettes and independently of cigarettes. To understand the variables that influence transitions from exclusive smoking to either dual cigarette/e-cigarette use or exclusive e-cigarette use, future work should systematically examine the role of duration of e-liquid exposure.
generation devices) that do not resemble conventional cigarettes and may be refilled with e-liquid for continued use (Farsalinos et al., 2014) . Characteristics of the e-liquid solution vary along several dimensions, including nicotine concentration, flavoring, and the solvent in which nicotine is suspended (propylene glycol and/or glycerol).
Use of e-cigarettes has grown rapidly in the decade since their introduction (Arrazola et al., 2015; King, Patel, Nguyen, & Dube, 2015; Loomis et al., 2016) , with widespread public perception of e-cigarettes as a less harmful alternative to combustible tobacco (Blake et al., 2015; Chapman & Wu, 2014) . Extant evidence suggests that e-cigarettes are at least as effective as medicinal nicotine, if not more so, in facilitating smoking cessation (e.g., J. Brown, Beard, Kotz, Michie, & West, 2014; Bullen et al., 2013) . However, additional work indicates that many smokers use e-cigarettes while continuing to smoke conventional cigarettes (e.g., Wills, Knight, Williams, Pagano, & Sargent, 2014) , a pattern of dual use that may increase total harm from tobacco.
Despite growing multidisciplinary research interest, few studies have examined e-cigarettes from the perspective of behavioral economic demand, a collection of methods and measures that experimentally quantify the relationship between purchasing or consumption of a commodity and its price (for review, see Hursh & Roma, 2013) . Applied to tobacco regulatory science, assessment of behavioral economic demand provides indices of tobacco product valuation and, hence, abuse liability; in addition, these methods may be used to predict effects of policy-related price regulation of existing and emerging products Tidey, Cassidy, Miller, & Smith, 2016) .
Various demand measures represent unique aspects of tobacco product purchasing (Bickel, DeGrandpre, Hughes, & Higgins, 1991; Bickel et al., 2017; Hughes, Wadland, Fenwick, Lewis, & Bickel, 1991; Johnson & Bickel, 2003) . These measures are exemplified in Figure 1 , which depicts purchasing of a given tobacco product (Product A) as a function of its price. Sensitivity of purchasing to a product's own price is termed own-price elasticity of demand. Here, greater elasticity represents greater price-dependent reductions in purchasing, and hence lower product valuation. Importantly, ownprice elasticity may be interpreted independently of the overall level of the own-price demand curve, measured by the y-intercept and termed own-price intensity of demand. Here, own-price intensity of demand provides a measure of product valuation unaffected by that product's cost.
Tobacco product demand may be examined when either a single product is available alone or under more dynamic conditions in which multiple products are available concurrently. Study of concurrently available products allows examination of two additional phenomena: (1) own-price elasticities of demand in a choice context in which two or more products' prices change in unison, described here as simple preference; and (2) a more complex form of preference that allows examination of interaction between pricedependent reductions in purchasing of one product (Product A in Figure 1 ) and changes in purchasing of one or more price-constant alternative products (Product B in Figure 1 ). In this more complex form of preference, sensitivity of purchasing of a price-constant commodity to another commodity's price is termed cross-price elasticity of demand, and reveals the economic relationship between commodities (for review, see Bickel, DeGrandpre, & Higgins, 1995; Bickel et al., 2017) . That is, a price-constant product may be either an economic substitute (i.e., purchasing of Product B increases with changes in Product A's price), a complement (i.e., purchasing of Product B decreases), or independent (i.e., purchasing of Product B remains constant). Notably, recent work has shown that e-cigarettes serve as partial substitutes for conventional cigarettes (Grace, Kivell, & Laugesen, 2015; Heckman et al., 2017; Johnson, Johnson, Rass, & Pacek, 2017; Quisenberry, Koffarnus, Epstein, & Bickel, 2017; Quisenberry, Koffarnus, Hatz, Epstein, & Bickel, 2015; Snider, Cummings, & Bickel, 2017) , findings which are in line with additional work on e-cigarettes' possible efficacy in smoking cessation (e.g., J. Brown et al., 2014; Bullen et al., 2013) . However, little work has explored possible symmetry in this substitution effect (i.e., whether cigarettes also substitute for e-cigarettes). Examination of such bidirectional relations would highlight the robustness or, alternatively, limits of substitution.
Finally, as with own-price elasticity, measures of cross-price elasticity for a given product may be interpreted independently of the overall level of the price-constant demand curve, measured by the y-intercept-a measure we term cross-price intensity of demand (examined here for the first time). Cross-price intensity provides a measure of valuation of a price-constant tobacco product when access to another product is unconstrained by price. This information is particularly relevant to questions of dual product use, as it reveals the likelihood that a given tobacco product (e.g., e-cigarettes) will be used even in the presence of ad libitum access to another product (e.g., cigarettes). Specifically, if e-cigarettes are purchased even when cigarettes are free, this effect indicates that Figure 1 . Hypothetical purchasing of two tobacco products: a pricemanipulated Product A and a price-constant Product B. Depicted are four demand measures: (1) own-price elasticity (i.e., sensitivity of Product A's purchasing to its own price), (2) own-price intensity (i.e., purchasing of Product A unconstrained by its own price), (3) cross-price elasticity (i.e., sensitivity of Product B's purchasing to Product A's price, and (4) crossprice intensity (i.e., purchasing of Product B unconstrained by Product A's price). This document is copyrighted by the American Psychological Association or one of its allied publishers.
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smokers value e-cigarettes beyond these products' role as a cigarette substitute and functional similarity to cigarettes. Although recent work on e-cigarettes has examined some of these measures (Grace et al., 2015; O'Connor, Rousu, BansalTravers, Vogl, & Corrigan, 2016; Quisenberry et al., 2015) , no study has yet provided simultaneous examinations of all own-and cross-price demand measures, including assessments of bidirectional substitution (i.e., e-cigarettes for cigarettes, and vice versa). In the present study, we compared all such measures for conventional cigarettes and e-liquid for use in a second-generation e-cigarette. We examined cigarette smokers with minimal prior e-cigarette experience, as we sought to capture demand measures during initiation of e-cigarette use and possible transition from single-to dual-product use. Participants were provided with a second-generation e-cigarette and allowed to sample study e-liquid for 3 days. Subsequently, we assessed all own-and cross-price demand measures using a naturalistic procedure designed to model elements of real-world tobacco product purchasing and use (Koffarnus, Wilson, & Bickel, 2015; Stein, Koffarnus, O'Connor, Hatsukami, & Bickel, 2017; Stein, Wilson, Koffarnus, Judd, & Bickel, 2017; Wilson, Franck, Koffarnus, & Bickel, 2016) . Specifically, this procedure constrains purchasing by providing participants with an experimental income corresponding to their realworld tobacco expenditures. Moreover, product use occurs in the natural environment and is therefore subject to real-world constraints (e.g., smoking bans, public perception). This naturalistic method, paired with a product-sampling period, poses distinct advantages over traditional methods involving hypothetical purchasing, particularly when assessing abuse liability of novel products tobacco products (e.g., e-cigarettes), as it ensures thorough exposure to drug effects and familiarity with the units available for purchase.
Thus, in the present study, participants completed recurring purchase sessions in which they used an experimental income to purchase weekly supplies of cigarettes and/or e-liquid. At each purchase session, participants also completed traditional selfreport measures of drug effects and liking. Consistent with prior reports on e-cigarettes (e.g., Grace et al., 2015) , we hypothesized that e-liquid would substitute for conventional cigarettes and, conversely, that cigarettes would substitute for e-liquid. However, because we examined exclusive cigarette smokers upon initial exposure to e-cigarettes, we hypothesized that preexisting bias for cigarettes would produce greater preference for cigarettes over e-liquid when both were available at equivalent prices. We also hypothesized that preexisting bias for cigarettes would produce lower ratings of drug effects and liking for e-liquid compared with cigarettes.
Method Participants
Participants (N ϭ 25) were recruited from the Roanoke, Virginia, area using flyers, the Internet, and word-of-mouth referral. To be eligible, participants had to meet Diagnostic and Statistical Manual of Mental Disorders (4th ed.; DSM-IV; American Psychiatric Association, 1994) criteria for nicotine dependence smoke at least 10 cigarettes per day; smoke every day for the past 30 days; exhale at least 14 ppm carbon monoxide (CO) at intake, as measured by a CO monitor (CoVita Smokerlyzer; Haddonfield, NJ); and be at least 18 years of age. Participants were excluded if they were pregnant, were trying to quit smoking or taking medications that aid in smoking cessation (e.g., bupropion), suffered from psychiatric or physical illness (assessed by DSM-IV criteria and self-reported diagnosis, respectively) not adequately controlled 1 by medication or other treatment (e.g., schizophrenia or emphysema), or reported regular use of e-cigarettes or other tobacco products (nine or more uses in the past 30 days). We note that these inclusion/exclusion criteria yielded a sample in which all participants reported fewer than five lifetime e-cigarette uses (described further in the Results section).
Approximate sample size was informed by a power analysis corresponding to a 2 (e-liquid and cigarettes) ϫ 3 (assessment type; see Data Analysis section) repeated-measures ANOVA. Assuming a correlation of .6 between repeated measures, a sample of size of 23 in the primary demand and substitution analyses yielded 80% power to detect a medium effect size of f ϭ 0.25 or greater.
Study procedures were approved by Virginia Tech's Institutional Review Board. All participants provided informed consent before completing study procedures.
Study Cigarettes, E-Cigarettes, and E-Liquid
Study cigarettes were participants' usual brands. Study e-cigarettes were the eGo ONE CT (108 ϫ 19 mm; 1100 mAh battery) with 1.0 ohm atomizer head (providing 15 W power), purchased from www.joyetech.com (Shenzhen Joyetech Co., Ltd; ShenZhen, China). This model was chosen because eGo systems are consistently among the most popular, and thus broadly appealing, e-cigarette varieties (Dawkins, Turner, Roberts, & Soar, 2013; Etter & Bullen, 2014; Huang, Kornfield, & Emery, 2016) .
Study e-liquid contained USP-certified nicotine advertised at 24 mg/mL, purchased from www.VaporHQ.com in three flavors: tobacco ("American Red"), blueberry ("Blueberry Harvest"), and menthol ("32 Degrees"). To verify the advertised nicotine levels, multiple samples of each e-liquid flavor were analyzed by liquid chromatography-tandem mass spectrometry as previously described (LeSage et al., 2016) . Testing revealed nicotine concentrations generally consistent with the advertised concentration (see online Supplementary Table 1) , with a mean across all flavors of 24.2 mg/mL (Ϯ0.9 SD). The 24 mg/mL concentration was used in the present study because prior data indicate that the majority of smokers transitioning to e-cigarette use initially prefer high nicotine concentrations (Farsalinos, Romagna, Tsiapras, Kyrzopoulos, & Voudris, 2013) . A range of flavors was used to allow participants to choose their preferred study flavor (described further in Procedures section). which served to minimize variance in purchasing related solely to flavor preference.
Procedures
Session 1 (intake). Participants completed a demographic questionnaire and the Fagerström Test for Cigarette Dependence (FTCD; Fagerström, 2012; Heatherton, Kozlowski, Frecker, & Fagerström, 1991) , provided a breath CO sample, and reported cigarette consumption over the last 30 days using a timeline follow-back survey (R. A. Brown et al., 1998) . Participants then received a study e-cigarette, including USB cable, charger, two replacement atomizer heads, and all instructional literature provided by the manufacturer. Participants reviewed these instructions with research staff and briefly sampled the e-cigarette (one to two puffs) using an e-liquid flavor of their choosing. Participants then received 2-mL samples of each flavor (including the volume already in their tank) to take home and sample over the next 3 days and were instructed that they would be asked to choose a flavor for the remainder of the study at the next session. Participants were also instructed not to mix flavors during the sampling period.
Sessions 2-6 (purchase sessions). Participants returned to the lab approximately once every 7 days to complete five purchase sessions. At each of these sessions, participants used an experimental income (calculated as cigarettes/day at intake ϫ 7 days ϫ $0.25 2 ) to purchase cigarettes and/or e-liquid at each of five prices ($0.12, $0.25, $0.50, $1.00, and $2.00 per cigarette or half-mL of e-liquid, in ascending order) to use over the next 7 days. E-liquid could be purchased in half-mL units (e.g., 5.5, 6.0, 6.5). The total nicotine in each half-mL unit of e-liquid (12 mg) was approximately equal to the total nicotine content in one cigarette, assuming 10 -15 mg/cigarette in most commercially available brands (Benowitz & Henningfield, 2013) .
Each session featured a different product or combination of products available for purchase, as follows (order counterbalanced by Latin square design). Two purchase sessions featured pricemanipulated cigarettes or e-liquid available alone (alone sessions), in which participants purchased cigarettes or e-liquid as we manipulated the five prices of each. One session featured pricemanipulated cigarettes and e-liquid available concurrently at equivalent prices (simple preference session), in which participants purchased cigarettes and e-liquid as we manipulated the prices of both products in unison. One session featured price-manipulated cigarettes and price-constant e-liquid (e-liquid substitution session), in which participants purchased cigarettes and e-liquid as we manipulated the prices of cigarettes and the price of e-liquid remained constant ($0.25/half mL). Finally, one session featured price-manipulated e-liquid and price-constant cigarettes (cigarette substitution session), in which participants purchased cigarettes and e-liquid as we manipulated the prices of e-liquid and the price of cigarettes remained constant ($0.25/cigarette). At the end of each purchase session, participants randomly drew one of the five prices from a bowl and received all cigarettes and/or e-liquid purchased at that price and any unspent income.
Consistent with prior methods (Koffarnus, Wilson et al., 2015; Quisenberry et al., 2015; Wilson et al., 2016) , participants were asked to refrain from using nonstudy products. Although these instructions could not be strictly enforced, prior data indicate close correspondence between purchase and baseline tobacco product consumption prior to the study (Koffarnus, Wilson et al., 2015; Wilson et al., 2016) .
Participants also completed the Drug Effects/Liking Scale (Hatsukami, Grillo, Pentel, Oncken, & Bliss, 1997), using a visual analog scale (VAS) to rate cigarettes and e-liquid across six subscales: Any Effects, Good Effects, Bad Effects, Liking, Desire, and the likelihood that participants would use the product again.
Session 7 (follow-up). Approximately 7 days following the final purchase session, participants returned to the laboratory to return unused products (if any) and to again complete the Drug Effects/Liking Scale.
Data Analysis
We conducted all analyses in GraphPad Prism (Version 7.00, La Jolla, CA) and SPSS (Version 24, Chicago, IL).
E-liquid flavor selection. Fisher's exact test was used to examine differences in e-liquid flavor preference between participants reporting menthol and nonmenthol cigarettes as their usual brand.
Preliminary demand analyses. First, we applied standardized diagnostic criteria to all own-price demand data to identify purchasing that was not systematically affected by price, including invariant, positively sloping, and inconsistent demand curves (Stein, Koffarnus, Snider, Quisenberry, & Bickel, 2015) . Such data, if detected, may be the result of inattention to the task or random responding. Application of these criteria revealed that all own-price demand curves in the alone, e-liquid substitution, and cigarette substitution purchase sessions were systematically affected by price. Likewise, all cigarette demand curves in the simple preference session were systematically affected by price. In contrast, the following mutually exclusive list of e-liquid demand curves from the simple preference session were identified as potentially nonsystematic: (a) Four of 25 curves showed inconsistent purchasing across price, but otherwise showed price-dependent decreases in purchasing; (b) two of 25 showed no purchasing at any price (described previously as "null demand"; Stein et al., 2015; Stein, Wilson, et al., 2017) , likely a result of extreme preference for cigarettes over e-liquid; and (c) one of 25 showed both inconsistent purchasing and a price-dependent increase in purchasing. Demand curves showing inconsistent purchasing were retained and treated identically to other data in subsequent analyses. Null demand curves were also retained but could not be fitted using Equation 1; therefore, ownprice demand intensity (purchasing unconstrained by price) was imputed as "0" and own-price demand elasticity (sensitivity to price) was imputed as one unit above the maximum value in the remaining sample (Tabachnick & Fidell, 2007) . In contrast, the single demand curve showing both inconsistent and pricedependent increased purchasing was excluded for simultaneous violation of two criteria; values of own-price intensity and elasticity were imputed as the mean of the remaining sample. Finally, these diagnostic criteria were not applied to cross-price demand curves in the e-liquid and cigarette substitution sessions because experimenters have no a priori knowledge from which to base assumptions on the direction or consistency of cross-price effects for individual participants (see Stein et al., 2015) .
Own-price demand curves. Individual subjects' own-price demand curves were fitted using an exponential demand model (Koffarnus, Franck, Stein, & Bickel, 2015; Yu, Liu, Collins, Vincent, & Epstein, 2014) :
in which Q is quantity purchased, P is price, k is span of purchas-2 Twenty five cents was the approximate unit price of individual cigarettes or half-mL of e-liquid in the Roanoke, Virginia, area. This document is copyrighted by the American Psychological Association or one of its allied publishers.
ing in log 10 units, and the free parameters ␣ and Q 0 provide estimates of own-price demand elasticity and intensity, Values of intensity and elasticity were non-normally distributed (positive skew) and were thus log and square-root transformed, respectively, prior to analysis. Cross-price demand curves. Individual subjects' cross-price demand curves were fitted using linear regression, yielding estimates of cross-price elasticity (slope) and cross-price intensity (y-intercept). Measures of cross-price elasticity were non-normally distributed (bimodal) and not amenable to transformation; thus, we compared between e-liquid and cigarettes using a nonparametric Wilcoxon's matched pairs tests. We also examined whether estimates differed significantly from zero using Wilcoxon signedranks test. Measures of cross-price intensity were also nonnormally distributed, and were thus square-root transformed (as for own-price intensity) prior to analysis. This measure was compared between products using a paired t test.
Drug Effects/Liking Scale. Preliminary univariate ANOVAs revealed no main effect of Session (2-7) for any subscale; thus, we collapsed data across session. Mean VAS ratings (possible range ϭ 0 -10) for each subscale were analyzed using separate paired t tests, including sequential Bonferroni correction.
Correlations between demand and smoking measures. Finally, we examined the extent to which demand measures correlated with clinical smoking measures (cigarettes/day, FTCD score) and aggregate scores from the Drug Effects/Liking Scale (bad effects subscale reverse-scored). We use Spearman's rho correlations because residuals in many cases were heteroscedastic or non-normally distributed.
Results
Sample characteristics may be found in Table 1 . Of note, all participants reported fewer than five lifetime e-cigarette uses (range ϭ 0 -4), with 23 of 25 (92%) having never tried an e-cigarette.
E-Liquid Sampling
At the end of the sampling period, 17 participants (68%) chose blueberry as their study flavor, six (24%) chose tobacco, and two (8%) chose menthol. Of those who reported menthol cigarettes as their usual brand (n ϭ 12), 10 chose blueberry, none chose tobacco, and two chose menthol e-liquid flavors. Of those who reported nonmenthol cigarettes as their usual brand (n ϭ 13), seven chose blueberry, six chose tobacco, and none chose menthol. Because few participants in either group chose menthol, these flavors were recoded as nontobacco (blueberry and menthol) and tobacco flavors. These distributions differed significantly from each other (p ϭ .015), indicating that menthol smokers were more likely than nonmenthol smokers to choose blueberry or menthol e-liquid flavors over tobacco. Figure 2A depicts group mean purchasing in all session types. E-liquid purchasing is expressed in half-mL units. Own-price demand curves were well described by Equation 1, with median individualsubject R 2 values of .896 and .966 for e-liquid and cigarettes, respectively. Mean cigarette purchasing ranged from approximately 120.48 at the lowest cigarette price (alone session; Ϯ16.83 SD) to 8.40 at the highest cigarette price (simple preference session; Ϯ9.26 SD). Mean e-liquid purchasing ranged from 51.84 half mL units at the lowest e-liquid price (Ϯ16.21 SD) to 2.16 at the highest e-liquid price (cigarette substitution session; Ϯ0.62 SD). Figure 2B depicts estimates of own-price elasticity and intensity. We observed main effects of product type, F(1, 24) ϭ 12.91, p ϭ .002, and session type, F(2, 48) ϭ 6.37, p ϭ .004, on own-price elasticity, as well as a Product Type ϫ Session Type interaction, F(2, 48) ϭ 6.25, p ϭ .003. In planned comparisons within the same session type, e-liquid purchasing was more elastic than cigarette purchasing in the alone (p ϭ .018), simple preference (p Ͻ .001), and cigarette substitution (p Ͻ .001) sessions. In planned comparisons between session types, e-liquid purchasing was more elastic in the simple preference (p Ͻ .001) and cigarette substitution (p Ͻ .001) sessions compared with e-liquid purchasing in the alone session. No other within-product comparisons between session types for e-liquid or cigarettes were significant (in all cases, p Ͼ .22).
Own-Price Elasticity and Intensity
For own-price intensity, we observed a significant main effect of product type, F(1, 24) ϭ 49.22, p Ͻ .001, with planned comparisons between products revealing lower intensity for cigarettes compared with e-liquid in all three session types (in all cases, p Ͻ .001). Both the main effect of session type, F(2, 48) ϭ 2.71, p ϭ .077, as well as the Product Type ϫ Session Type interaction, F(2, 48) ϭ 2.70, p ϭ .078, fell short of significance. Although total nicotine content in each cigarette and half mL of e-liquid was approximately equal, potential differences in effective nicotine yield make the main effect of product type on own-price intensity (absolute levels of purchasing) difficult to interpret. However, in planned comparisons within products, we observed significantly lower e-liquid intensity in the cigarette substitution compared with alone session (p Ͻ .001). No other within-product comparisons between session types for e-liquid or cigarettes were significant (in all cases, p Ͼ .12). This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Cross-Price Elasticity and Intensity
Figure 2C depicts estimates of cross-price elasticity and intensity. In the e-liquid substitution session, mean purchasing of price-constant e-liquid ranged from 13.20 half mL (Ϯ3.99 SD) to 22.76 (Ϯ5.96 SD) at the lowest and highest cigarette prices, respectively. In contrast, in the cigarette substitution session, mean purchasing of price-constant cigarettes remained relatively constant, ranging from 86.52 (Ϯ15.09 SD) to 87.00 (Ϯ14.81 SD) at the lowest and highest e-liquid prices, respectively. E-liquid cross-price elasticity was variable but positive (slope ϭ 5.59; Ϯ11.73 SD) and significantly greater than 0 (W ϭ 192, p ϭ .005). This indicates that e-liquid served as a substitute for cigarettes. E-liquid cross-price elasticity was also significantly greater than for cigarettes (W ϭ Ϫ152, p ϭ .029). In contrast, cigarette cross-price elasticity was near zero (slope ϭ 0.37, Ϯ5.01 SD) and not significantly different than zero (W ϭ 117, p ϭ .118). This indicates that cigarettes did not serve as a substitute for e-liquid.
Cross-price intensity was lower for e-liquid than for cigarettes, t(24) ϭ 5.75, p Ͻ .001, an effect that is again difficult to interpret given potential differences in nicotine yield between products. However, cross-price intensity was significantly different from zero for both e-liquid (y-intercept ϭ 9.39 half-mL units, untransformed), t(24) ϭ 7.36, p ϭ Ͻ.001, and cigarettes (y-intercept ϭ 68.48 cigarettes, untransformed), t(24) ϭ 9.54, p ϭ Ͻ.001. This indicates that participants purchased both products in significant quantities even when the alternative commodity was free. Figure 3 presents results from the Drug Effects/Liking Scale. Compared with cigarettes, participants rated e-liquid lower on the Any Effects, t (24) corresponding estimates of own-price elasticity and intensity and (C) cross-price elasticity and intensity. Asterisks in brackets indicate significant difference between session types for e-liquid. Asterisks directly above data points indicate significant difference from cigarettes within the same session type. sqrt ϭ square root.
Drug Effects/Liking Scale
This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Table 2 provides Spearman rho correlations between demand and smoking measures (cigarettes/day, FTCD score). We observed moderate to strong significant correlations between demand measures and all smoking measures, although with varying frequency depending on product and session type.
Correlations Between Demand and Smoking Measures
For cigarettes per day, greater smoking was consistently associated with lower own-price cigarette elasticity and higher ownprice cigarette intensity. No significant associations were observed between cigarettes per day and e-liquid demand measures. For FTCD scores, greater cigarette dependence was consistently associated with lower own-price cigarette elasticity but not significantly associated own-price cigarette intensity or any e-liquid demand measure. Finally, higher ratings on the Drug Effects/ Liking Scale for e-liquid were consistently associated with lower e-liquid own-price elasticity was consistent; however, few significant associations were observed between other measures.
Discussion
The present study sought to compare measures of own-and cross-price demand for cigarettes and e-liquid in cigarette smokers who were naïve to e-cigarettes. When products were available alone, participants showed lower own-price demand intensity and greater own-price elasticity for e-liquid compared with cigarettes. This effect was magnified when both cigarettes and e-liquid were available concurrently (e.g., in the simple preference session; Figure 2B , left panel). However, relative differences between cigarette and e-liquid demand remained directionally consistent across simple preference and alone sessions, with 24 of 25 participants in the simple preference session and 23 of 25 in the alone session spending more of their income on cigarettes compared with e-liquid. This is consistent with prior findings and predictions (Bickel & Madden, 1999; Johnson & Bickel, 2006; Madden & Hartman, 2006) , in which relative levels of demand for two or more concurrently available sources of reinforcement may be predicted from their relative levels when assessed alone.
Although concurrent access to cigarettes reduced purchasing of e-liquid, we observed no such effect of concurrent access to e-liquid on cigarette demand. That is, cigarette demand remained This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
relatively constant across session types. This indicates that cigarette purchasing in e-cigarette-naïve smokers is less sensitive than e-liquid to concurrent availability of other products. This is also consistent with recent data from hypothetical purchase tasks , in which concurrent access to e-cigarettes only reduced demand for cigarettes in daily e-cigarette users, but not in naïve users (as in the present study). Contrary to one of our hypotheses, additional data from the present study indicated a pattern of asymmetric substitution between products, in which e-liquid served as a partial substitute for cigarettes but cigarettes did not substitute for e-liquid. Specifically, purchasing of price-constant cigarettes remained relatively constant at approximately 87 cigarettes at all e-liquid prices. Importantly, a ceiling effect in cigarette purchasing is unlikely to account for asymmetric substitution, as participants routinely purchased larger quantities of cigarettes in other session types (e.g., 120 cigarettes in the alone and simple preference sessions, or approximately 40% more than in the cigarette substitution session).
Observed asymmetry in substitution contrasts with findings from one prior study examining dual cigarette-smokers/e-cigarette-users. Specifically, using hypothetical purchase tasks, Johnson et al. (2017) reported that dual cigarette-smokers/e-cigarette-users showed similar bidirectional substitution between cigarette and e-cigarette puffs. This finding in dual users, but not naïve e-cigarette users in the present study, suggests that transitions from exclusive to dual cigarette use are characterized by imperfect product substitution, and further suggests that many e-cigarette-naïve smokers are likely to initially use e-cigarettes in combination with, rather than instead of, cigarettes. Similarly, even though e-liquid substituted for cigarettes, e-cigarette-naïve smokers still consumed significant quantities of e-liquid even when provided with concurrent, ad libitum access to cigarettes ( Figure 2C ; right panel). This again indicates that valuation of e-liquid was not restricted to its role as a cigarette substitute and suggests that smokers value e-liquid for reasons other than as a source of nicotine (e.g., flavor).
Evaluation of self-report drug effects/liking for both products agreed generally with demand measures, as participants rated e-liquid more poorly than cigarettes (e.g., less liking and desire; see Figure 3 ). Finally, clinical smoking measures (cigarettes/day and FTCD scores) correlated moderately to strongly with most cigarette demand measures but correlated poorly with e-liquid demand measures (see Table 2 ). These findings suggest that smoking addiction severity influences cigarette demand and substitution but does not influence similar measures for e-cigarettes. Indeed, the only measure that consistently correlated with e-liquid demand and substitution was self-reported e-liquid drug effects/liking.
Despite the exception in bidirectional substitution noted for Johnson et al. (2017) , the present findings generally replicate and extend prior behavioral economic work that examined individual own-or cross-price demand measures for first-generation e-cigarettes (Grace et al., 2015; O'Connor et al., 2016; Quisenberry et al., 2015) . Although these prior studies remain critical in understanding e-cigarette valuation, simultaneous examination of multiple demand measures provides a more comprehensive understanding without the need to aggregate findings across studies. Such simultaneous assessment in the present study revealed a relatively consistent picture of e-cigarette valuation across measures. Namely, smokers valued e-cigarettes to some degree, evidenced by frequent purchasing and a partial substitution effect. However, despite this willingness to purchase and use e-liquid (either instead of, or in combination with, cigarettes), participants preferred cigarettes to e-liquid across all demand measures. Thus, although e-cigarettes held some appeal, smokers in the present study valued them less than cigarettes.
We note, however, that all measures in the present study were obtained during a relatively brief period of initial e-cigarette exposure (approximately 1-5 weeks). This may be important, as puff topography in naïve e-cigarette users has been shown to produce lower plasma nicotine absorption than in experienced users (Farsalinos et al., 2015) -an effect apparently mediated by differences in puff topography. Future studies may wish to examine longer time frames, with systematic sampling throughout, to determine if duration of exposure alters the measures of e-cigarette valuation used here. Alternatively, cross-sectional investigations may be designed to investigate this same phenomenon, in which long-term dual users of cigarettes and e-cigarettes are compared with those who have recently initiated dual use. Nonetheless, the present data reflect e-cigarette valuation during initial, sustained tobacco product exposure-a period that often determines the trajectory of subsequent use (e.g., Wetter et al., 2004) .
Regarding the observed e-liquid substitution effect (mean slope ϭ 9.67), we note that slopes showed considerable intersubject variability (SD ϭ 20.59), with e-liquid serving as a strong cigarette substitute for some participants (e.g., slope ϭ 39.24) and a complement for others (e.g., slope ϭ Ϫ18.34). Future work may wish to employ larger sample sizes, combined with more diverse sampling (e.g., across socioeconomic status or intentions to quit smoking), in order to identify variables that may modulate effects such as these.
The present study is the first, to our knowledge, to examine behavioral economic measures of demand for e-liquid in secondgeneration e-cigarette products, as all prior studies examined firstgeneration devices (available either in disposable units or refill cartridges). We note that this may pose some methodological advantages over prior methods. Specifically, the smallest unit of a first-generation device that may be purchased is one whole disposable e-cigarette or refill cartridge, which contains approximately 1 mL of e-liquid. In these low-wattage devices, this volume of e-liquid often requires days to use fully (e.g., Blu e-cigarettes advertise that a 1-mL disposable unit produces up to 400 puffs); thus, only a small quantity of disposable e-cigarettes or refill cartridges may be purchased at once. In contrast, e-liquid may be purchased in more granular units (e.g., half mL in the present study), which can be used over brief time frames in more powerful second-and third-generation devices, which vaporize e-liquid at a higher rate. Thus, smaller minimum unit sizes likely serve to increase the resolution with which purchasing can be measured.
Thorough investigation of all device types is critical in understanding e-cigarette valuation, as user experience varies by device. Specifically, second-and third-generation devices deliver nicotine more effectively (e.g., Farsalinos et al., 2014) and appear more likely to aid in smoking cessation (Hitchman, Brose, Brown, Robson, & McNeill, 2015) than first-generation devices. Thus, we caution against generalized conclusions from investigations of a single device type. Future studies may wish to examine multiple device types within the same study or systematic line of research.
Future studies should also examine effects of varying e-liquid nicotine concentrations (e.g., 0, 6, 12, and 24 mg/mL). We restricted the present investigation to the relatively high concentraThis document is copyrighted by the American Psychological Association or one of its allied publishers.
tion of 24 mg/mL to facilitate interpretation of session type, as this is a concentration often preferred among smokers recently transitioning to e-cigarette use (Farsalinos et al., 2013) . In so doing, we observed no evidence that participants found this high concentration aversive (i.e., participants rated e-liquid low on the Bad Effects subscale). Nonetheless, generalized conclusions regarding e-cigarette demand and substitution await systematic examinations of concentration. The present findings may also be combined with those from microeconomic studies, which retrospectively examine populationlevel tobacco product purchasing in relation to naturally occurring price variation (e.g., from convenience store sales). Data obtained using these methods have thus far yielded conclusions that are generally consistent with those from the present study, namely, that e-cigarette purchasing is sensitive to price and e-cigarettes show a measureable, but inconsistent, pattern of substitution for conventional cigarettes (Huang, Tauras, & Chaloupka, 2014; Stoklosa, Drope, & Chaloupka, 2016) . Although these microeconomic methods are critical in tobacco regulatory science, the behavioral economic methods used in the present study provide a number of advantages that improve the resolution with which these phenomena can be measured. For example, laboratory investigations afford experimental control over purchasing, minimizing the possibility that price and purchasing are confounded with other variables, such as socioeconomic status. In addition, the laboratory allows examination of a broader range of prices than occurs in the natural economy (e.g., approximately a 16-fold range in the present study compared with a 1.5-fold range in Huang et al., 2014) . As such, behavioral economic methods permit a more detailed understanding of tobacco product purchasing and valuation than that afforded by methods relying on prevailing market conditions. Nonetheless, this advantage is balanced by the additional time, effort, and monetary costs associated with data collection. Thus, pursuit of both lines of research in continued investigation is necessary.
Conclusions
Following initial product exposure, e-cigarette-naive smokers show greater own-price elasticity of demand for e-liquid than for cigarettes across multiple demand contexts, including when products are available alone and concurrently. Concurrent access to cigarettes further increases e-liquid own-price elasticity and decreases own-price intensity. In contrast, cigarette own-price demand measures appear stable, regardless of concurrent e-liquid availability. Despite this relative difference in product valuation, however, e-cigarette-naïve smokers still valued e-liquid positively and purchased it frequently. Future work should systematically examine the role of duration of e-cigarette exposure on the measures used here, as well as e-liquid nicotine concentration and flavor, to understand the variables that influence transitions from combustible tobacco to e-cigarette use.
